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Abstract: Noninvasive, direct measurement of local muscle blood flow in humans remains
limited. Diffuse correlation spectroscopy (DCS) is an emerging technique to measure regional
blood flow at the microvascular level. In order to better understand the strengths and
limitations of this novel technique, we performed a validation study by comparing muscle
blood flow changes measured with DCS and Doppler ultrasound during exercise. Nine
subjects were measured (all males, 27.4 + 2.9 years of age) for a rhythmic handgrip exercise
at 20% and 50% of individual maximum voluntary contraction (MVC), followed by a post-
exercise recovery. The results from DCS and Doppler ultrasound were highly correlated (R =
0.99 £ 0.02). DCS was more reliable and less susceptible to motion artifact.
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1. Introduction

Skeletal muscle blood flow is a key determinant of aerobic capacity, which is an independent
predictor of quality of life and cardiovascular disease morbidity and mortality [1-6].
Monitoring skeletal muscle blood flow regulation is therefore essential to provide
pathophysiological insight and clinical diagnosis, as well as to evaluate treatment efficacy.
Numerous noninvasive methods exist to quantify skeletal muscle blood flow, such as venous
occlusion plethysmography. However, these techniques measure changes in bulk conduit flow
and do not provide regional (microvascular) or temporal information. In contrast, arterial-
spin-labeled magnetic resonance imaging (ASL-MRI) and positron emission tomography
(PET) can measure skeletal muscle microvascular perfusion, but are expensive and
technically challenging and therefore not available to all clinics or laboratories. Exposure to
radiation, as with PET, also limits application to certain populations.

Near-infrared diffuse correlation spectroscopy (DCS) is an emerging technique for
measurement of regional blood flow at the microvascular level. In addition to being
completely noninvasive and portable, DCS has a relatively high temporal resolution and a
relatively large penetration depth [7]. Moreover, DCS has been validated in a variety of
organs and tissues, against several different standards, including laser Doppler [8], Xenon-CT
[9], fluorescent microsphere flow measurements [10], and ASL-MRI [11]. Unfortunately, the
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vast majority of these validation experiments were performed on the brain, which is
inherently less susceptible to motion artifact (especially during exercise). In fact, the only
prior investigation to validate DCS in skeletal muscle was done using a cuff inflation and
deflation protocol in which the muscle remains virtually motionless [11].

The purpose of the present study was therefore to validate DCS-derived skeletal muscle
blood flow measurements against Doppler ultrasound during rhythmic exercise. Doppler
ultrasound is currently the most commonly used flow imaging modality to assess skeletal
muscle blood flow regulation and kinetics during exercise [12]. Its high temporal resolution
provides a perfect opportunity for flow synchronization between the two modalities,
providing comprehensive and comparative evaluation of muscle blood flow kinetics to
improve our understanding of DCS.

2. Materials and methods
2.1 Subjects

Healthy subjects between 20-35 years of age were recruited from the local community of the
University of Texas at Arlington (UTA). The experimental protocol was approved by the
UTA Institutional Review Board (IRB). Written informed consent was obtained from each
subject prior to the experiment.

2.2 Instruments

A single-wavelength DCS system was used to measure the relative changes in muscle blood
flow. The system was built in-house and validated through phantom and human arm cuff
occlusion experiments. It consists of a continuous-wave, long-coherence-length laser diode
(785 nm & 100 mW, Crystalaser Inc., Reno, NV) as light source and a single-photon-
counting avalanche photodiode (APD) as detector (SPCM-AQRH-14-FC, Pacer USA LLC.,
Palm Beach Gardens, FL). The output of the APD is connected to a computer with a 32-bit, 8-
channel data acquisition card (PCI-6602, National Instruments Corp., Austin, TX). A
LabVIEW (National Instruments Corp., Austin, TX) program was developed for photon
counting. Similar to Dong et al. [13], a software autocorrelator calculates the autocorrelation
function and absolute intensity (sum of photon counts) of diffused light, which reduced
overall cost and complexity of the system as compared with a hardware autocorrelator. A 3D-
printed probe was used to hold a multi-mode fiber (125 pm in core diameter) from the source
laser and a single-mode fiber (5 um in core diameter) to the APD detector. The probe was
affixed directly to the left forearm (the exercising side) over the belly of the flexor digitorum
profundus, the primary muscle used during handgrip exercise (Fig. 1), using black Velcro
strips. The source-to-detector distance was 1.5 cm. The data sampling rate was 1 Hz.

Arterial blood pressure
(non-exercising hand)

Duplex
ultrasound

DCS

Fig. 1. Schematic of experimental setup. Blood pressure was measured using a servo-
controlled finger photoplethysmography on the middle or index finger of the right hand (the
non-exercising side). Brachial artery blood flow velocity and diameter were measured on the
right upper arm with a duplex ultrasound system. The DCS probe was affixed to the left
forearm over the belly of the flexor digitorum profundus.
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Brachial artery blood flow velocity and diameter were measured with a duplex ultrasound
system (Vivid-i, GE Healthcare, Little Chalfont, United Kingdom) on the left upper arm (the
exercising side). This system had a 12-MHz linear array probe with 60 degree of insonation.
The ultrasound gate was optimized to ensure complete insonation of the entire vessel cross-
section with constant intensity. The continuous Doppler audio signal was converted to real-
time blood flow velocity waveforms using a validated Doppler audio converter [14] and
recorded using a PowerLab data acquisition system (ADInstruments Inc., Boulder, CO).
Brachial artery diameter was measured with B-mode ultrasound imaging, which was
conducted once in each of the four experimental stages (to be described in section 2.3).

Noninvasive arterial blood pressure was measured using a servo-controlled finger
photoplethysmography (Human NIBP Controller, ADInstruments Inc., Boulder, CO) that was
placed on the middle or index finger of the right hand (the non-exercising side) and supported
on a bedside table positioned at heart level. In addition, an automated sphygmomanometer
(Welch Allyn, Skaneateles Fall, NY) recorded resting blood pressure periodically, and was
used to verify and calibrate the finger photoplethysmography measurements.

The analog outputs from Doppler ultrasound and arterial blood pressure module, along
with the amplified signal from a Smedley handgrip dynamometer (Stoelting Co., Wood Dale,
IL), were connected to a high-performance, physiological data acquisition system (PowerLab
16/35, ADInstruments Inc., Boulder, CO) for simultaneous data recording. Since the DCS
system does not have an analog output, a TTL gating signal to the PowerLab was used to time
align the DCS data (to be described in section 2.4.2) with all the other physiological signals.

-“c‘:'ia grip-relax cycle x 30
ok
® grip
2 50% MVC
[=N
o
5} relax
Baseline Recovery
0 2 4 6 8 Time (minute)

Fig. 2. Paradigm of the handgrip exercise experiment. The experiment consisted of four stages:
baseline, rthythmic handgrip exercise at 20% and then 50% of maximal voluntary contraction
(MVC), and post-exercise recovery. Each stage lasted two minutes. During the exercise period,
the subject repeatedly griped the dynamometer for two seconds and then released for two
seconds.

2.3 Experimental protocols

All experiments were performed in a dimly-lit, temperature controlled room. Upon arrival to
the laboratory, body weight and height were measured using a standard stadiometer and
weight scale, and body mass index (BMI) [15] was derived. Subjects were then positioned
supine on a bed and instrumented for finger photoplethysmography, ultrasound, and DCS.
The handgrip dynamometer was positioned on the subject’s left side, so that the arm could
comfortably be extended and supported at heart level. Prior to any data collection, subjects
were instructed to grip the handgrip dynamometer as hard as possible to establish individual
maximal voluntary contraction (MVC). Subjects were then given a short break prior to data
collection. After hemodynamic data stabilized, baseline data were recorded, followed by
rhythmic handgrip exercise at 20% and then 50% of individual MVC respectively, and post-
exercise recovery. Each stage lasted two minutes (Fig. 2). During the exercise period, the
subject repeatedly griped the dynamometer for two seconds and then relaxed for two seconds,
guided by a recorded voice prompt. To minimize muscle-fiber motion artifact during exercise,
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data were recorded only during the relaxation phase of the handgrip duty cycle (i.e., two DCS
data points per cycle, which were then averaged to derive a single reading per cycle.), using
the previously described gating algorithm [16].

2.4 Data analysis
2.4.1 Finger blood pressure and Doppler ultrasound

Arterial blood pressure and Doppler ultrasound data were analyzed offline by a single
observer (RR) using the LabChart Pro software environment (ADInstruments Inc., Boulder,
CO). For the real-time arterial blood pressure waveforms, a peak-detection algorithm was
applied to identify the systolic and diastolic components as the peak and valley of each
arterial pulse. Then mean arterial pressure (MAP, mmHg) was calculated on a beat-to-beat
basis.

Similarly, mean blood flow velocity (MBFV, cm/s) was calculated as the beat-to-beat
average from the real-time Doppler ultrasound waveforms. Then brachial artery blood flow
(ml/min) was estimated as MBFV x mr* x 60, where r is the radius of brachial artery (cm)
measured with B-mode ultrasound imaging. It is noted that the radius of brachial artery was
measure once in each experimental stage (baseline, 20% and 50% MVC, and recovery).
Hence brachial artery blood flow was also estimated as stage-wise average, not in real time.

242DCS

The intensity autocorrelation function measured with the DCS system was analyzed to
quantify the relative changes in muscle blood flow. Specially, the analytical solution of the
correlation diffusion equation from a point source in a semi-infinite medium is given as:

3U Ko K
— [ - ] (1)

4n n r

G (r,7)=

where K, (7)= \/3,ua U+ kgaAr? (), g is the absorption coefficient, 4 is the reduced

scattering coefficient, a is the fraction of photon scattering events in the medium;
. . 1

n=yr’+z; , rn,=4r+(z,+2z,) , r is the source-detector separation, z,=— and
Y7,

2(1+R,)
Z, =
" 3(1-R,)

represents the mean square displacement of the moving scatterers after a delay time 7. The

, where R, represents the effective reflection coefficient. <Ar2(r)>

solution of <Ar2 (r)> can be derived from either the Brownian motion model or the random

flow model. In this study we chose the Brownian motion model because it has been shown to
fit the real correlation decay curves better over a wide range of tissue types [17]. In the case
of Brownian motion <Ar2 (r)> =6D, , where Dy is the effective diffusion coefficient of the
scatterers.

To fit the analytical solution into the measured intensity autocorrelation function, the
analytical solution needs to be normalized to get g,(7) function:

|G1(’:’T\J |2

& (7) =1+ f———5- 2
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where [ (;;,t) is the detected diffusing light intensity at position » and time ¢, and f is a

numerical factor related to the detector geometry, number of detected speckles and other
experimental parameters. In this study a fixed value of § = 1 was used.

By minimizing the difference between the analytical solution and measured data of g,(2),
we can yield a blood flow index given as BFI = aDg, where a represents the volume fraction
of moving scatterers out of whole scatterers. Then, relative muscle blood flow from the initial
baseline at f,, ’IMBF, can be calculated as:

BFI(r)

rMBF =——2100%. 3)
BFI(z,)

The absorption coefficient (1) and reduced scattering coefficient (ﬂ; ) are required inputs

in the fitting. In this study, each subject’s u, and 4 values were measured prior to the

experiment with a frequency-domain near-infrared tissue oximeter (OxiplexTS, ISS Inc.,
Champaign, IL) and then kept constant.

Further, the absolute light intensity measured with the DCS system over time, I(¢), was
also analyzed to derive the changes in optical density, AOD, which is given as:

1(¢)
OD =log,,[—=] 4)
1(t)
The wavelength used in this study was 785 nm, which was very close to the isosbestic
point of oxygenated hemoglobin (HbO,) and deoxygenated hemoglobin (Hb) [18]. Therefore
AOD primarily reflects absorption changes of total hemoglobin (HbT = HbO, + Hb).

3. Results

Fourteen subjects volunteered to participate. Five were not included in data analysis due to
poor quality of Doppler ultrasound data (n = 4) or DCS data (n = 1). The results are reported
on the remaining nine subjects (all males; age =27.4 + 2.9 years; BMI =27.2 + 3.8).

Figure 3 shows raw data of handgrip force, arterial blood pressure and brachial artery
blood flow velocity from one representative subject. The subject was able to maintain
relatively constant gripping force during both 20%-MVC and 50%-MVC exercise. Blood
pressure increased gradually in these two stages. Brachial artery blood flow velocity
increased moderately during 20%-MVC handgrip and exhibited large increase during 50%-
MVC handgrip. As expected, reversal blood flow was observed during each contraction
period, increasing with increased grip force [19-21].
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(a) 60
0 M

Baseline  20% MVC  50% MVC

Ry
% j

Fig. 3. Raw data of handgrip force (top), arterial blood pressure (middle) and brachial artery
blood flow velocity (bottom) from one subject: (a) Real-time data throughout baseline,
handgrip exercise at 20% and then 50% of maximal voluntary contraction (MVC), and post-
exercise recovery. (b) Enlarged 4-second data segments in each stage: baseline, 20%-MVC and
50%-MVC handgrip exercise, and recovery.
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3.1 Changes in arterial blood pressure

Figure 4 shows changes in mean arterial pressure at the group level. Significant changes were
seen in each stage, i.e., an increase from baseline to 20%-MVC handgrip then to 50%-MVC
handgrip, followed by a decrease during post-exercise recovery.

140 4 *p<0001  *p<0001  *p<0.001

120

100

H I
80
60 -
40
20 -
0 . . .

Baseline 20% MVC 50% MVC Recovery

Mean Arterial Pressure (mmHg)

Fig. 4. Changes in mean arterial pressure (mean = SE, n = 9) through the four experimental
stages: baseline, handgrip exercise at 20% and then 50% of maximal voluntary contraction
(MVC), and post-exercise recovery. Differences between every two successive states were
examined with paired #-test, and the p-values were corrected with the Bonferroni method for
multiple comparisons.

3.2 Changes in blood flow

Brachial artery diameter measured with B-mode ultrasound did not change from baseline
(0.35 £ 0.01 cm) to 20%-MVC handgrip (0.36 £ 0.01 cm), but increased significantly (p <
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0.001, paired t-test) during 50%-MVC handgrip (0.38 = 0.01 cm). This increase persisted into
recovery stage (0.39 £0.01 cm).
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Fig. 5. Doppler ultrasound and DCS results at the group level: (a) to (c) Brachial artery blood
flow velocity measured with Doppler ultrasound, regional muscle blood flow and optical
density measured with DCS (mean + SE, n = 9). (d) Normalized decay of brachial artery blood
flow velocity, regional muscle blood flow and optical density in recovery stage.

Figures 5(a) to 5(c) show changes in brachial artery blood flow velocity measured with
Doppler ultrasound, local muscle blood flow and optical density measured with DCS at the
group level. As illustrated, brachial artery blood flow velocity and local muscle blood flow
had steady changes from baseline to 20%-MVC handgrip and then to 50%-MVC handgrip.
These two readings had an excellent temporal agreement with each other (R = 0.91 to 0.98
individually). In contrast, changes in optical density were slow and did not reach a plateau in
any stage.

The main difference between Doppler ultrasound and DCS-derived readings was in the
recovery from exercise. Figure 5(d) shows a close comparison among the normalized decay
curves of brachial artery blood flow velocity, local muscle blood flow and optical density in
the recovery stage: brachial artery blood flow velocity measured with Doppler ultrasound had
a gradual decay throughout the recovery stage that was well fitted with an exponential process
(time constant 7 = 130 seconds) [22]. However, local muscle blood flow measured with DCS
exhibited a biphasic feature: a sharp decay in the first phase (z; = 29 seconds) followed by a
much slower decay in the second phase (7, = 607 seconds). The much slower decay in the
second phase was very close to the gradual decay in optical density (z = 553 seconds).
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3.3 Correlations of DCS-derived muscle blood flow with arterial blood pressure and
Doppler ultrasound

To better understand how global cardiovascular factors affected local muscle blood flow
during exercise, and to evaluate the relationship between Doppler-derived and DCS-derived
flow measures, linear correlation analyses were conducted. Because these changes were
relatively stable during baseline, 20%-MVC and 50%-MVC handgrip exercise (not including
recovery), 2-minute averaged data of each stage were used. Further, brachial artery blood
flow velocity was integrated with brachial artery diameter (measured once in each stage with
B-mode ultrasound imaging) to estimate the real brachial artery blood flow. As shown in Fig.
6, the brachial artery blood flow measured with Doppler ultrasound showed excellent
correlation with DCS-derived muscle blood flow, as did mean arterial pressure.
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Fig. 6. Correlations of DCS-derived muscle blood flow with (a) mean arterial blood pressure
and (d) brachial artery blood flow during baseline, 20%-MVC and then 50%-MVC handgrip
exercise.

4. Discussion

To our knowledge, this is the first study to validate DCS-derived measurements of skeletal
muscle blood flow during exercise. To accomplish our goal, we compared DCS with Doppler
ultrasound, which is an established flow imaging modality commonly used to assess skeletal
muscle blood flow during exercise. The major findings were two-fold: First, we demonstrate
close agreement between DCS and Doppler ultrasound, both in terms of the magnitude of
change and the temporal relationship. Second, we found that DCS was more reliable than
traditional Doppler ultrasound, highlighting the clinical application of this new technology.

DCS is a relatively novel form of near-infrared technology to examine relative blood flow
changes within deep tissues, especially for skeletal muscle (Table 1). While DCS has
previously been validated against several different standards, as reviewed in the beginning of
this paper, its validation in skeletal muscle during rhythmic exercise has not — to our
knowledge — previously been performed. To address this limitation, we performed
simultaneous recordings of skeletal muscle blood flow at rest and during rhythmic handgrip
exercise using DCS and Doppler ultrasound. We chose Doppler ultrasound because it is by
far the most widely used technique to assess skeletal muscle blood flow during exercise,
providing strong external validity [12]. We show excellent agreement between these two
modalities, supporting DCS is a valid measure of skeletal muscle blood flow.
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Table 1. Summary of DCS studies on skeletal muscle blood flow

Reference Sample size and Muscle Studied and Protocol Main Findings
study population

Yuetal., 10 healthy, 1 patient  Gastrocnemius; 30 plantar flexion In healthy subjects, plantar

2005 [23] with PAD exercises (toe up-down) within one flexion increased relative
minute blood flow 4.7 fold; 2.5-fold

increase in the PAD patient.

Henry et al., 10 healthy Gastrocnemius; 0.5Hz, 30% MVC ~2.2 fold increase in relative

2015 [24] blood flow

Gurley etal., 9 healthy Forearm flexor muscle; handgrip ~5 fold increase in absolute

2012 [16] exercise 25% MVC blood flow

Shang et al., 14 women with Vastus lateralus; 6 set of 12 isometric ~200% increase in relative

2012 [25] fibromyalgia; 23 contractions of knee extensor exercise  blood flow in patients and

matched healthy increasing from 20 to 70% MVC. controls.
controls Blood flow measured immediately
post fatiguing exercise
Present Data 9 healthy men Flexor digitorum profundus; 20% and ~ 250% and 450% increase in

50% MVC handgrip exercise

relative blood flow with 20%

and 50% HG, respectively

Like other investigators before us [16, 26], our initial DCS experiments revealed
significant motion artifact during muscle contraction (data not shown). To overcome this
issue, some investigators have co-registered their dynamometer recordings and DCS
measurements for offline correction of the blood flow data [26]. In contrast, we, and others
[16], developed an online gating algorithm to synchronize data acquisition with the relaxation
phase of each handgrip cycle. With this advancement, we were able to capture local muscle
blood flow data in good quality at two distinct exercise intensities (20% and 50% MVC) in all
subjects except one. In contrast, we were forced to exclude four of the original 14 subjects in
this study due to data quality concerns with Doppler ultrasound, which is susceptible to
motion artifact (particularly during higher intensity exercise). The DCS data quality was
preserved in each of these cases, which highlights an important advantage of DCS over
Doppler ultrasound. Indeed, the measurement of exercise skeletal muscle blood flow by
Doppler ultrasound requires advanced training and practice for proficient and reliable data
acquisition. DCS requires very little technical training, and is almost entirely operator
independent.

While we observed good agreement between DCS and Doppler ultrasound during the
plateau portion of each exercise intensity, we consistently observed transient differences in
both the on-kinetics and off-kinetics for skeletal muscle blood flow between the two
modalities. For example, during the recovery stage, note the gradual and consistent decay in
Doppler ultrasound readings compared with the bi-phasic decay in DCS-derived muscle
blood flow (Fig. 5(d)). These transient differences reflect key technical differences between
the two modalities: while Doppler ultrasound measures the velocity of blood flow in a major
artery based on the Doppler effect, DCS blood flow measurement is more complex. A recent
study based on Monte Carlo simulations [27] showed that the DCS-derived blood flow index
provides a direct measure of tissue blood flow, but is also sensitive to changes in hematocrit
and average vessel diameter. For the DCS-derived muscle blood flow shown in Fig. 5(d), we
interpret the first phase (z; = 29 seconds) as the blood flow changes in local microcirculation;
whereas the second phase (7, = 607 seconds) reflects the heightened rate of oxygen delivery
needed to support the increase in skeletal muscle oxygen demand post-exercise, which is slow
to return to baseline. Indeed, the second phase has a very similar time constant to the gradual
decay in optical density (z = 553 seconds) that reflects absorption of total hemoglobin.

In conclusion, this study demonstrates an overall agreement and transient difference
between DCS and Doppler ultrasound in measuring exercise skeletal muscle blood flow.
Because skeletal muscle blood flow is a key determinant of aerobic capacity, which is an
independent predictor of quality of life and cardiovascular disease morbidity and mortality,
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the finding from this study are highly relevant to the study of muscle physiology and
pathology.
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